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Abstract 

Mutation or the adenomatous polyposis coll (A PC) tumor suppressor 
gene initiates the majority of colorectal (CR) cancers. One consequence of 
this inacttvation is constitutive activation of 0-catenin/Tcf -mediated tran- 
scription. To further explore the role of the APC/0-catenin/Tcf pathway in 
CR tumorigenesis, we searched for mutations in genes implicated in this 
pathway in CR tumors lacking APC mutations. No mutations of the 
y-catenin (CTNNGJh GSK-3a {GSK3A), or GSK-30 (GSK3B) genes were 
detected. In contrast, mutations in the NH 3 -terminal regulatory domain of 
0-catenin iCTNNBI) were found in 13 of 27 (48%) CR tumors lacking 
A PC mutations. Mutations in the 0-catenin regulatory domain and A PC 
were observed to be mutually exclusive, consistent with their equivalent 
effect* on 0-catenin stability and Tcf transactivation. In addition, we 
found that CTNNB1 mutations can occur in the early, adenomatous stage 
of CR neoplasia, as has been observed previously with A PC mutations. 
These results suggest that CTNNB1 mutMtlons can uniquely substitute for 
A PC mutations in CR tumors and that 0-catenin signaling plays a critical 
role in CR tumorigenesis. 

Introduction 

Inherited mutations of the APC* tumor suppressor gene cause 
familial adenomatous polyposis and acquired APC mutations initiate 
the majority of human CR cancers (reviewed in Ref. 1 ). More than a 
half dozen proteins, including 0-catenin (2. 3). y-catenin (4, 5). 
GSK-30 (6>. EB1 (7). and hDLG (8). have been shown to associate 
with APC. but their importance to the neoplastic process remains 
unclear. Recently, however, the identification of increased 0-catenin/ 
Tcf signaling in CR cancers and the ability of wtld-rype APC to 
inhibit this activity focused attention on 0-catenin as a critical medi- 
ator of APC function (9. 10). The inhibitory activity of APC likely 
results from its ability to form a macromolecular complex with 
0-catenin and GSK-30 (6). thereby facilitating degradation of 0-cate- 
nin (11. 12). Accordingly, in a subset of cancers possessing intact 
APC. activation of 0-catenin/Tcf signaling appears to be due to 
dominant activating 0-catenin mutations that render the protein in- 
sensitive to APC/GSK-30-mediaied degradation ( 1 0, 13). Three APC- 
associated proteins. 0-catenin, y-catenin. and GSK-30. have been 
linked to the APC/0-catenin/Tcf pathway by biochemical and genetic 
studies in diverse organism (reviewed in Ref. 14). To more fully 
define the role of the APC/0-catenin/Tcf pathway in human tumori- 
genesis. we performed mutational analyses of several components of 
this pathway in CR tumors. 
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Materials and Methods 

Patient Samples. Our initial study included a panel of 40 primary human 
CR tumors in which the entire coding region of APC had been previously 
sequenced (15). These microdissecied tumors included 24 adenocarcinoma* 
(material was not available from one of the original samples. C3) and 16 
adenomas. Five of these carcinomas had previously been analyzed for 0-cate- 
nin mutations (10). An additional panel of 33 adenocarcinomas were passaged 
in vitro or as xenografts in nude mice to further minimize interference by 
contaminating nonmalignant celts. These carcinomas were selected solely on 
the presence of MIN and the availability of sample. 0-catenin mutations had 
previously been found in two of these carcinomas r 1 0k. 

Mutational Analysis of 0-Catenin and y-Catenin. Pre para I ion of 
genomic DNA and PCR were performed as described (16). For CTNNBK a 
genomic PCR fragment including codon 1 in exon 2 to codon 90 in exon 4 and 
encompassing the NFL- terminal regulator)* region was amplified using PCR 
primers ABS58 and ABS60 (Table )). For CTNNC1. a genomic fragment 
encoding amino acids I -57 of y-catenin and encompassing the NH : -ierminal 
regulatory region was amplified using PCR primers ABS63 and ABS6S. PCR 
products were gel purified and sequenced directly with internal primers 
(ABS30 and ABS32 for CTNNB1 and ABS64 for CTTNNCJ) using Thermo- 
Sequenase (Amersham Corp-) and M P-labeled ddNTPs (Amersham) according 
to the manufacturer's instructions. Each mutation was verified in both the 
sense and antisense directions. When possible, the somatic nature of the 
mutation was established by sequencing genomic DNA derived from normal 
tissue of the same patient. 

Mutational Analysis of APC. GSK-30. GSK-3o. and Tcf-4. For those 
cell lines or xenografts with full-length APC expression or without prior 
evidence of APC mutation, codons 680-1693 of APC were analyzed for 
mutations. This region of APC was amplified by PCR from genomic DNA in 
two segments (2 and 3) as described previously (17). Segment 2 was analyzed 
for mutations by the in vitro- synthesized protein assay (J 7. 18 J. whereas 
segment 3 was analyzed for mutations by DNA sequencing (15). In three 
samples lacking APC and 0-catenin mutations, the coding regions of GSK3A. 
CSK3B. and TCF-4 were sequenced. GSK3A was amplified by RT-PCR in 
three separaie segments using primer pairs AGSK-PI A2/AGSK-PI B. AGSK- 
P2A2/AGSK-P2B2. and AGSK-P3AMGSK-P3B. The entire coding region 
was sequenced using these primers and pnmers AGSK-SIB. AGSK-SIB3. 
AGSK-S2B. and AGSK-S3A2. GSK38 was amplified by RT-PCR in two 
separate fragments using primer pairs BGSK-Pl A/BGSK-P1B and BGSK- 
P2A/BGSKP2B. The entire coding region except codons 1-5 was sequenced 
using these primer* and primers BGSK-S1B2 and BGSK-S2B2. TCF-4 was 
amplified by RT-PCR in two segments using primers pairs TCF-P1 A2/TCF- 
PIB and TCF-P2A/TCF-P2B. The entire coding region excluding codons 1-16 
was sequenced using these primers and primers TCF-Sl A] . TCF-S I A2. TCF- 
S2A1, TCF-S2A2, TCF-S2A3. and TCF-S2B2. Dunng the process of sequenc- 
ing TCF-4 segment 2. a previously unidentified alternate splice form was 
found. The region containing the alternate sequence was amplified, and the two 
splice variants were isolated by gel electrophoresis and sequenced. 



Results and Discussion 

0-Catenin Mutations in CR Tumors. Previous analyses of CT- 
NNB} identified activating mutations in five CR cancers lacking APC 
mutations (10) and in a small fraction of unselected CR cancers (19. 
20). To define more fully the role of CTNNBJ mutations in CR 
tumors, we searched for activating mutations of 0-catenin in a larger 
panel of CR tumors, chosen because it represented the only collection 
130 
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TCG^-.vj » C. 
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TTGA TGG 
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ABS*2 
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AB.S6.1 
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GrCACGATGGAGG TG 


ABS65 


TTCTTC.-J 


G C G T G T .-.< : TOG CO 


ABSM 


ATGG.-.GG. 


AG "JCTATC AAvG GT G 


AOSK-PI A2 






AGSK-PIB 




GTCTCGGGCAC 


ACJSK-P2A2 


7ATGCG . 


.A.-. 07700 A CC.-.C 


AOSK-t MB. 


f.-Coi .C'_- 


AGATTTCAACA.ee 


AGS K- Pi* A 
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AGSK-P.^B 
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G G G T G G AAG G 
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* ■ ^ - - - 
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AGSK-SI B3 


GTCACTT 


- - — ^ c • ~ ' 


AGSK-S2B 


TTCGAGA 


T7TG A AG ACC TT T G 


AGSK-SM2 


;CAAC7A 


CACGG AG? TCAAG 


BGSK-IMA 
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BGSK-P2A 


IGGA.AGT 


gca_aagcagc:g 


BGSK-P2B 


TGA~ACT 


T ' J T A A C T G G T 7- 


BGSK-SIB2 






BGSK-S2B2 


AGAC-TGC 


.-.GGTGTGTCTGG 


TCH-Pl A 2 
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"-j J 1 231^3133" J 
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TCF-S 1 A 1 






TCT-SJA2 






TCF--S2AI 






TCT-S2A2 






TO--S2A.1 






TO -S2B2 







of tumors in which APC had been assessed for mutations by sequenc- 
ing ihe entire coding region (15). CTNNBI exon 3 was selected for 
initial analysis because it encodes the NH 2 -terminal regulatory* do- 
main of 0-catenin icodons 29 — 15) previously found to contain acti- 
vating mutations (10. 13). Analysis of this region in 40 tumors 
identified mutations in six cases (Table 2; examples shown in Fig. I). 
The somatic nature of each mutation was established by sequencing 
DNA derived from normal tissue of the same patient (data not shown). 
Interestingly, CTNNBI mutations were detected in two adenomas, 
including one less than 6 mm in diameter. Furthermore, the incidence 
of mutations in adenomas (2 of 16) was similar to that in carcinomas 
(4 of 24). These results indicate that CTNNBI mutations, like APC 
mutations, occur early during tumorigenesis and are consistent with an 
equivalent role for APC and CTNNBI mutations in CR tumorigenesis. 

Further evidence for the functional equivalence of CTNNBI and 
APC mutations is provided by the nonoverlapping nature of APC and 
CTNNBi mutations. Six of the 12 (50%) CR cancer samples lacking 
APC mutations possessed mutations affecting the NH^-ierminal reg- 
ulatory domain of /3-catenin (Table 2). Conversely, of the 28 tumor 
samples previously shown to contain APC mutations, none possessed 
mutations in CTNNBi exon 3. This mutually exclusive distribution 
was unlikely to be due to chance alone iP < 3 x 10" 4 by Fisher's 
exact test). It was interesting that three (C7. C9. and CIS) of the six 
tumors with CTNNBI mutations exhibited M1N characteristic of DNA 
mismatch repair deficiency (data not shown), whereas approximately 
15% of unseJected CR tumors exhibit MIN (21-23). This is consistent 
with the suggestion that /3-catenin mutations might occur more fre- 
quently in MIN tumors (20). However, three (A 13. A 14. and CI 7) of 
the tumors with CTNNBI mutations did not exhibit MIN. These 
results suppon the notion that although many of the same pathways 
are affected in MIN tumors, the actual genes targeted may be altered 
by DNA mismatch repair deficiency. 

To further characterize the spectrum of CTNNBI mutations in 
tumors, we analyzed CR cancer cell lines and xenografts that exhib- 



ited MIN. A total of 33 MIN-positive lines were evaluated for CT- 
NNBI and APC mutations. Seven of the fifteen (479c) samples lacking 
APC mutations possessed 0-catenin mutations (Table 3). We were 
able to obtain normal DNA to confirm the somatic nature of four of 
the seven lesions (data not shown). No mutations of the /3-eatenin 
regulatory domain were found among the 18 samples with APC 
mutations (Table 3). Thus, as with the primary CR tumor samples, the 
panel of cell lines and xenografts exhibited a statistically significant 
iP < 2 X 10 A by Fisher" s exact test) mutual exclusivity with respect 
to the distribution of inactivating APC and activating /3-catenin mu- 
tations, providing further evidence that APC and 0-catenin function 
within the same pathway. Combining the data from the two samples 
yielded an incidence of /3-catenin mutations of 13 of 27 (489r» in 
tumors with intact APC and 0 of 46 in APC -deficient tumors. 

Analysis of A PC-deficient tumors did not yield mutations affecting 
residues in /3-catenin implicated in regulation by APC and GSK-3/3. 
We did, however, identify a unique somatic mutation (G50D) in 
CTNNBI in one tumor (CxlO) with mutant APC. Although this 
substitution occurs near the regulatory serine/threonine residues, its 
functional consequences remain unclear at this time. Furthermore, the 
presence of a glutamate residue at this position in Drosophiki suggests 
that an aspartate residue at this position might be minimally disrup- 
tive. In addition. CxlO possesses a relatively late truncating APC 
mutation (frameshift at codon 1935: Ref. 24). which retains an intact 



Tabic 2 


fi-Cuicnut ttmi APC ntutatitMix 


in ftrintuf\ Cft twtutr\ 


Sample 


APC status" 


0-Catcnin Matu^'" 


Adenomas 






A 1 


MI IT 
rVl U | 


WT 


A2 


MUT 


WT 


A3 


MUT/LOH 


WT 


A4 


MUT 


WT 


A5 


LOH 


WT 


A6 


LOH 


WT 


A7 


MUT 


WT 


A8 


WT 


WT 


A9 


MUT 


WT 


Alt) 


MUT 


WT 


All 


MUT/LOH 


WT 


AI2 


MUT 


WT 


A13 


WT 


TCT => TTT/S4SF 


A14 


WT 


± Exon 3 


A 15 


MUT/LOH 


WT 


A16 


WT 


WT 


Carcinomas 






CI 


MUT 


WT 


C2 


MUT 


WT 


C4 


MUT 


WT 


C5 


WT 


WT 


C6 


MUT 


WT 


C7 


WT 


TCT => TTT/S45r 


C8 


MUT 


WT 


C9 


WT 


ACC GCOT4 1 A 


CIO 


MUT 


WT 


CI I 


WT 


WT 


ci: 


MUT 


WT 


CI3 


LOH 


WT 


CM 


MUT 


WT 


CI* 


WT 


TCT TTT/S4M' 


Clo 


MUT 


WT 


C17 


WT 


GGA OTA/G34V 


C18 


MUT 


WT 


CI9 


MUT/LOH 


WT 


C20 


MUT 


WT 


c:i 


MUT 


WT 


c:: 


MUT 


WT 


C23 


WT 


WT 


C24 


WT 


WT 


C25 


MUT/LOH 


WT 



" The APC muiattonal arukvev ot ihcsc j.amples has been previously reporied. MUT. 
mutant: indicates the presence nl an intragenic somatic APC mutation, LOH. loss ol 
heterozygosity at the APC locus. WT. vkitd type: no mutation was detected 

" Mutations of the 3-caienin regulatory domain were studied 

* Previously reported mutation < 10). 
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D 



A Exon 3 



Y 

PV 



A 
A 
A 



F 
F 
F 
F 
F 

A 



Mutations 



2 9-SYL-DSGIHSGATTTAPSLSGKGN-51 Human 

2 9-SYL-DSGIHSGATTTAPSLSGKGN-51 Xenopus 

3 9-SYLGDSGIHSGAVTQVPSLSGKE1D-62 Drosophila 

781 




GSK3P 
Sites 



Armadillo Repeats 



Fig. 1. 0-catenin mutations in CR tumors. A. PCR of genomic DNA revealing a deletion of exon 3 in adenoma AM.fl, nucleotide sequencing of the regulatory domain of 0-catenin 
revealed a C— »T (S4SY* transition in adenoma A 13. Lanes 1-5 correspond to samples C3. C2. CI. A 1 5. and A 1 3. respectively. Nucleotides 126-139 of 0-cilenin, as derived from 
an ami sense phmer. are shown. The film was flipped to allow the sequence to be read in the sense direction. C nucleotide sequencing of the regulator) domain of 0-catenin reveals 
a G— »T (G34V) trans version in Carcinoma C17. Lanes 1-6 correspond to samples CI 5. CI7. C5. C7. C9. and C23. respectively. Nucleotides 96-109 of 0-catenin art shown in the 
sense direction. D. summary of the 0-catcnin mutations. The regions encompassing the 0-caienin regulatory domains from human, frog I Xenopus 1. and fly < Drosophila) are shown with 
the identified mutations indicated above. 



scries of /3-catenin-binding repeats and therefore would be predicted 
to be only partially defective at down -regulating /3-catenin levels. 

With the lone exception noted above, each of the 14 CTNNBI 
mutations listed in Tables 2 and 3 is readily rationalized with respect 
to its effect upon /3-catenin stability and, consequently, upon signal- 
ing. Eleven of the lesions are point mutations or small deletions 
affecting one of a series of five serines or threonines found near the 
NH, terminus of /3-catenin (Fig. ID). These residues have been 
implicated as substrates for GSK-3/3 and are thought to play a central 
role in the down-regulation of /3-catenin levels by GSK-30 (25). Thus, 
loss of these phosphorylation sites likely blocks down-regulation by 
GSK-3/3 and APC. The remaining two CTNNBI mutations also likely 
affect /3-catenin regulation by APC. One of the mutations is an 
intragenic deletion spanning part of intron 2. all of exon 3, and pan of 
intron 3 (Fig. M). This deletion is predicted to encode a /3-catenin 
protein lacking amino acids 5-80, encompassing the entire NH 2 - 
terminal regulatory region; similar deletions have been shown previ- 
ously to stabilize /3-catenin (12). The other mutation results in a G— ► V 
substitution at amino acid 34 (Fig. 1Q. This residue occurs within the 
NH 2 -terminal regulatory region of /3-catenin in a motif (DSG^XS. 



where ^ indicates the hydrophobic residue) that is shared with IkBq. 
is conserved across species (fly to human), and has recently been 
shown to be critical for ubiquinin-dependent proieosomal degradation 
of both /3-catenin and JkBo (26. 27, 32) Thus, mmation of G34 likely 
yields a protein that is refractory to proieosomal degradation, thereby 
rendering it insensitive to APC regulation. 

Recently, CTNNBI mutations within armadillo repeats 2 and 3 and 
outside the NH 2 -terminal regulatory domain were described in two 
CR cell lines with mutant APC (19). However, the effects of this type 
of mutation on /3-catenin are not known, and no mutation outside the 
regulatory domain has been shown to activate /3-catenin/Tcf transcrip- 
tion. 

y-Catenin Mutations in CR Tumors. The above analyses indi- 
cate that CTNNBI mutations occur in almost half of CR tumors 
lacking APC mutations. If activation of the APC//3-catenin/Tcf sig- 
naling pathway is critical for tumor initiation, mutations in other 
components of the pathway might be involved in the genesis of the 
remaining CR cancers. One candidate for such a component is *y-cate- 
nin, which shares strong amino acid similarity with /3-catenin. In 
particular, the NH : -terminal regulatory motif is conserved between 
32 
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the two proteins. In addition, both proteins bind APC. a-catenin. 
E-cadherin, and Tcf (5. 28. 29). Finally, y-catenin exhibits signaling 
activity similar to that of 0-catenm in Xenopus (30). Thus, activating 
mutations in -y-catenin could reasonably be expected to substitute for 
loss of APC. To address this possibility, we sequenced the NH r 
terminal regulatory region (codons 17-50) of y-catenin. Analysis of 
33 tumors, including 13 of the 14 tumors lacking both APC and 
CTNNB1 mutations, revealed no mutations in the NH 2 -terminal reg- 
ulatory region of y-catenin (data not shown). 

Detailed Analysis f the APC/0-Catenin/Tcf Pathway. The 
above analyses indicate that y-catenin regulatory domain mutations 
do not occur in tumors lacking APC or £-catenin mutations. To 
explore other potential mechanisms of activating /3-catenin signaling, 
we performed a more detailed mutational analysis in selected cancer 
cell lines (RG, KS. and Vaco 486) lacking APC and 0-catenin 
regulatory domain mutations. Considering the possibility that muta- 
tions outside the regulatory domain might activate 0-catenin, we 
sequenced the entire coding region of CTNNBJ in each of the lines. 
No mutations were delected. Because GSK-30. like APC. is predicted 
to inhibit 0-catenin signaling, we considered the possibility that 
GSK-30 inactivation could substitute for APC or /3-catenin mutation. 
We therefore sequenced the coding region of GSK-3/3 and its homo- 
logue. GSK-3a. in the same three cell lines with intact APC and 
/3-catenin. but we did not identify any somatic mutations in these 
genes. Thus, either other components of the pathway are altered in 
these lines or activation of /3-catenin signaling is not absolutely 
required for CR tumorigenesis. 

If the ultimate effect of APC and /3-catenin mutations is activation 
of Tcf- mediated transcription, then there should be an absolute re- 



Table 3 fL-Catenin and APC mutations in CR carcinoma ceil lines 



TCF 



HMG 



Line 



APC status" 



fl-Catenin status ' 



SW4« 


FL 4 


TCT TAT/S.33Y*' 


LSI 80 


WT 


TCT TTT/S45F 


RKO 


FL' 


WT 


DLDI 


MUT* 


WT 


VACOfe 


FL* 


WT 


HCTII6 


FL* 


XTCVM5V 1 


VACO 143 


MIT 


WT 


M1P106 


MUT 


WT 


LIMI215 


WT 


ACC => GCOT41A 


LOVO 


MUT 


WT 


HCTI15 


MUT 


WT 


VACOS . 


MUT 


WT 


C 


mut 


WT 


VAC0432 


MUT 


WT 


VAC0444 


MUT 


WT 


VAC0457 


MUT 


WT 


V AC048 1 


MUT 


WT 


C095 


WT 


TCT => CCT/S33P 


KM 12 


WT 


WT 


cx: 


WT 


WT 


CX7 


MUT 


WT 


CXJO 


MUT 


GGC ^ GAC/G50D 


CXI2 


WT 


WT 


MXI4 


MUT 


WT 


MXI7 


WT 


WT 


MX23 


WT 


ACC => GCC/T41A 


HX9 


WT 


WT 


HX16 


MUT 


WT 


hxt; 


MUT 


WT 


HX39 


MUT 


WT 


HX4I 


WT 


WT 


HX43 


WT 


TCT TTT/S45F 


HX45 


MUT 


WT 



" FL. full-length: indicates the presence of a full-length APC protein. MUT. mutant; 
indicates the presence of a truncating APC mutation. WT. wild type; no A PC mutation was 
detected and protein status is unknown. 

Mutations of the fl-catentn regulatory domain were studied. WT indicates that no 
mutation was detected in this region. 

' Previously reported analysis ( 10. 24. 31 1. 

J Previously reported mutation HO). 



hTCF-4B ETNi GEKKSAFATYKVKAAASAHPL QMEAY* 
hTCF-4E ETN' EHSECFLNPCLSLPPITDLSA: 
hTCF-4C ETK ftANTfilUCMLl 
HTCF-1C STT ftPGS 




Fig. 2. Splice forms of TcM. The similarity between the newly described Tcf*4C and 
Tcf-IC splice form is shown. Also shown are the TcMB and TcME splice forms The 
predominant TcM splice forms in human CR cancers appear 10 be TcMC and TcME 



quirement for Tcf in CR tumors. Previously, we found that 43 of 43 
CR cell lines expressed the Tcf family member Tcf-4 (9). As ex- 
pected, sequencing of TCF-4 in three lines with intact /3-catenin and 
APC revealed no mutations. However, this analysis did reveal an 
alternative spliced form of TCF-4 representing 50% of the transcripts 
expressed in CR cells (Fig. 2). 

The above results suggest that CTNNBI mutations can uniquely 
substitute for APC mutations and that they account for approxi- 
mately half of CR cancers with intact APC. The remaining cancers 
cannot easily be explained by mutations of y-catenin, GSK-3a. or 
GSK-3/3. Although other components of the pathway may be 
altered in these tumors, there may be instances in which constitu- 
tive activation of 0-catenin/Tcf signaling is not required, suggest- 
ing either that downstream components are mutated or that parallel 
pathways are targeted. Answers to these questions should become 
apparent when the downstream targets of /3-catenin/Tcf signaling 
are better defined. Further analysis of CR cancers lacking muta- 
tions in known components of the APC/0-catenin/Tcf pathway 
may prove valuable in this regard. 
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